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Qualification of Life Extension Schemes
for Engine Components

(RTO MP-17)

Executive Summary

A significant fraction of the life-cycle cost of an aircraft engine can be attributed to the high
replacement cost of engine components that are damaged in service. This Workshop addresses
component damage management and ways to reduce operating costs by extending component
lives without sacrificing safety. Life extension options available to life cycle managers include
(1) improving the durability of components through material substitution, or the addition of protective
coatings, (2) returning damaged parts to service after welding or brazing of cracks, (3) eliminating
microstructural damage by reconditioning treatment, and (4) implementing new, more efficient lifing
techniques for critical parts, such as turbine discs, based on the condition of the parts.

Of the eighteen papers presented at the Workshop, three discuss military needs and benefits accruing
from engine component life extension. Three papers describe treatment for enhancing durability of
engine materials, another three describe specific repair technologies, while three papers discuss the
procedures and testing requirements to qualify life extension technologies for aircraft applications. The
remaining six papers deal with analytical methods of life cycle calculation enabling life extension of
critical parts beyond conventional “safe life” limits, within acceptable safety limits.

Engine life cycle managers should remain well aware of factors responsible for component damage in
their fleet, and the options available to them for achieving component life extension. In this respect,
software for failure mode and effect criticality analysis is a powerful tool to help decide which life
management option to choose. Several factors influence the decision to either repair or replace
components, or to implement new life cycle management procedures for critical parts. The overriding
factors, for both critical and non-critical parts in military aircraft engines, are (i) expected cost benefits,
(ii) system safety and (iii) cost effectiveness of engine removal frequency for inspections.

The implementation of repairs for damage that exceeds manufacturers’ recommended limits is possible
in some cases. Such implementation requires a careful analysis of design issues, as well as access to
engineering expertise and facilities to qualify the repair technology. Sometimes, simple inexpensive
recycling solutions can be developed to avoid having to scrap slightly damaged parts. Also, on
occasion, qualification by analysis may be possible, but most often, extensive testing at the material
sample and component levels, including in service trials, is required to demonstrate that the repaired
and/or modified component is safe to use and remains so once returned to service.

Life extension of critical parts beyond conventional “safe life” limits based on damage tolerance and
inspection concepts is not only feasible, but also applicable to older engines. Reliable life prediction
models and accurate fracture mechanics data, coupled with a statistical approach, are required for safe
implementation of damage tolerant methodologies. Implementation is complex and often compromised
by a lack of detailed information on the thermal-mechanical loading conditions for critical components




and by uncertainties in material properties. Finally, it is shown that no proven methods exists at present
for designing around high cycle fatigue (HCF) problems, triggered by other forms of service-induced
damage, such as low cycle fatigue (LCF), foreign object damage (FOD) or fretting. Damage tolerance
concepts are being considered for minimizing risks of failures, but have yet to be proven. An indirect
way of dealing with the HCF issue would be to increase the resistance of engine materials to LCF,

FOD or fretting.




Homologation des programmes de prolongation
du cycle de vie des organes moteur

(RTO MP-17)

Synthese

Une part importante des coiits d’exploitation d’un moteur d’avion provient du prix élevé de
remplacement des pieéces endommagées en service. L’atelier traite de la gestion de cet
endommagement et de I’application de techniques permettant de prolonger la vie de pi¢ces cofiteuses,
afin de réduire les cofits d’exploitation des moteurs, sans en compromettre la sécurité. Les options de
prolongement de vie mis a la disposition des responsables de la gestion du cycle de vie des moteurs
comprennent (1) 1’augmentation de la durabilité des pieces par substitution de matériaux ou I’ajout
d’un revétement protecteur, (2) la remise en service de piéces aprés réparation de fissures par soudage
ou brasage, (3) I’élimination de I’endommagement de la microstructure par traitement de remise en état
et (4) la mise en pratique de nouvelles techniques de gestion de vie plus efficaces pour les pieces
critiques, telles les disques de turbine, fondées sur la condition des piéces.

Trois des dix huit présentations de 1’atelier traitent des besoins militaires et des bénéfices a retirer de la
mise en pratique des technologies de prolongement de vie pour pieéces de moteurs. Trois articles
discutent de modifications de surface visant & augmenter la durabilité des matériaux utilisés, trois
autres décrivent des méthodes spécifiques de réparation, tandis que trois autres encore se penchent sur
les procédures et les exigences des essais d’homologation pour applications aéronautiques. Les six
autres articles couvrent les méthodes analytiques de calcul de vie permettant de prolonger la durée de
vie de pieces critiques au dela des limites conventionnelles de la durée de vie sire, dans des conditions
de sécurité acceptables.

Les responsables de la gestion du cycle de vie des moteurs se doivent de bien comprendre les modes
d’endommagement associés au vieillissement des pieces, ainsi que les options disponibles pour
prolonger leur durée de vie. Dans ce contexte, un logiciel d’analyse des modes de défaillance et de la
criticalité¢ des effets est un outil puissant permettant aux responsables de choisir parmi plusieurs
options. Plusieurs facteurs influencent la décision de réparer ou de remplacer des pieces, ou encore
d’introduire une nouvelle méthode de gestion de vie pour pieces critiques. Les principaux facteurs qui
s’appliquent a la fois aux pieces critiques et non critiques dans les moteurs militaires sont (I) les
bénéfices attendus en terme de cofits, (II) la sécurité des systemes et (IIT) 1a rentabilité de la fréquence
de démontage des moteurs pour I’inspection des piéces.

Il est parfois possible de réparer des pitces endommagées au dela des limites autorisées par les
motoristes. Dans ce cas, il est important d’aborder les questions de conception et d’avoir accés aux
installations et a 1’expertise nécessaire pour I’homologation du procédé de réparation, et de la firme qui
compte ‘1’app1iquer. Parfois, des solutions simples et peu coliteuses peuvent étre élaborées afin de
recycler'des pieces qui ne sont que légerement endommagées. Enfin, bien qu’une homologation par
analyse soit quelquefois possible, dans la plupart des cas, des essais d’homologation sur éprouvettes ou
sur picces, y compris des essais de pieces sur moteur, sont nécessaires afin d’assurer une remise en
service de pieces réparées ou modifiées de fagon sfire et fiable.




La gestion de vie des pieces critiques fondée sur la tolérance a I’endommagement et sur 1’inspection,
qui permet de prolonger leur durée de vie utile au dela des limites conventionnelles de la durée de vie
stire, est non seulement faisable mais aussi applicable rétroactivement & des moteurs anciens. Pour
assurer la sécurité, des modeles fiables de prévision de durée de vie et des données précises en
mécanique de la rupture, associées & une approche statistique, sont nécessaires. La mise en pratique de
telles méthodes de gestion de vie est complexe, et souvent compromise par le manque de données
précises sur les contraintes thermo-mécaniques auxquelles sont soumises les pieces critiques et par les
incertitudes concernant les propriétés des matériaux. Enfin il a été souligné qu’il n’existait aucune
méthode reconnue pour faire face aux problémes de fatigue vibratoire engendrés par d’autres formes
d’endommagement, telles la fatigue oligocyclique, I'impact par objet externe ou le frettage. Des
concepts de tolérance a I’endommagement ont été suggérés pour minimiser les risques de défaillance
qui en découlent, mais rien n’a été encore démontré en pratique. Une solution indirecte au probléme
serait d’augmenter la résistance des matériaux pour moteurs a la fatigue oligocyclique, a I’impact par
objet externe et au frettage.
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Preface

Turbine components incur damage in service as a result of their demanding operating environments. The damage may be
external, affecting surface finish and component dimensions, which is detrimental to aerodynamic performance and load
bearing capacity of gas path components. External damage also provides sites for crack initiation, thereby reducing lives of
affected parts. The damage may be internal, affecting microstructure in highly stressed components and hot parts, which may
fail by fatigue or by creep. When damage becomes excessive, as dictated by design, the components are replaced with new
ones. A significant fraction of the life cycle cost of aero-engines is associated with replacement of service-damaged parts.

The objective of the two-day Workshop was to bring together military turbine engine life cycle managers and technical
experts from the various NATO countries to discuss component damage management, and techniques for extending lives of
service-damaged parts to achieve engine life cycle cost reductions. Operator’s needs and various technologies available,
including protective surface treatments and coatings, repairs and refurbishment procedures, as well as improved component
life cycle management practices, are discussed. Implementation of these technologies in older engine as retrofits is
addressed. Emphasis is placed on the qualification testing requirements that must be satisfied to ensure that repaired or
modified parts, or parts for which new life cycle management practices are applied, remain safe and reliable when returned
to service.

Dr. J.P.. MMARIGEON
Sub-Committee Chairman

Préface

Les piéces de turbine s’endommagent en cours de service dii a I’agressivité de leur environnement d’exploitation.
L’endommagement peut &tre externe, affectant les finis de surface ou les dimensions, qui affectent a leur tour, les
performances aérodynamiques et 1a capacité de charge de 1’aubage de turbine. Le dommage externe peut aussi engendrer des
amorces de fissures, réduisant ainsi la durée de vie des pieces affectées. Le dommage peut également étre interne, affectant
la microstructure dans les pieces hautement sollicitées en charge et en température, qui peuvent faire défaut par fatigue ou
fluage. Lorsque I’endommagement est jugé excessif, selon les critéres de conception, les pieces doivent étre remplacées. Une
proportion importante des colits d’exploitation des moteurs d’avion provient du remplacement des piéces endommagées en
service.

Cet atelier de deux jours a rassemblé des responsables de la gestion de vie de moteurs militaires et des spécialistes de
différent pays de ’'OTAN afin de discuter de la gestion de I’endommagement des composants de moteurs et des techniques
de prolongation de durée de vie pour pieces endommagées, en vue de réduire les cofits de remplacement. L’atelier examine
les besoins des exploitants et discute des différentes technologies disponibles, y compris, 1’utilisation de traitements de
surface ou de revétements protecteurs, les réparations et remises en état des piéces, ainsi que les techniques améliorées de
gestion du cycle de vie des composants critiques. L’application de ces technologies & des moteurs anciens est également
envisagée. L’accent est mis sur les exigences en matiere d’homologation qui doivent étre satisfaites afin d’assurer la remise
en service de facon sfire et fiable de pitces réparées ou modifiées, ou ayant fait I’objet de nouvelles techniques de gestion du
cycle de vie.

Dr. I.P. MMARIGEON
Président du Sous-Comité
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COMPONENT LIFE EXTENSION
NEEDS AND BENEFITS

SUMMARY OF THE WORKSHOP AND OF THE ROUNDTABLE

A.LASALMONIE
SNECMA
Etablissements de Villaroche
77550 Moissy-Cramayel - France

THE ISSUE AND CHALLENGES

The armed forces of NATO are faced to the problem of aging
systems, the life of it must be extended at optimum cost. The
motivation is to reduce the LCC (Life Cycle Cost) ; a concept
which is now the practice for commercial engines.

The problem is different for non critical parts which are sold

by the manufactures « on condition » or for the critical parts
which are « lifed » for a given time.

THE PROCESS IN MAINTENANCE AND REPAIR

All the presentations stressed the importance of close relation
ships between all the actors involved in maintenance strategy :

I The users which need to be « smart users » whether they
are commercial or military Cost effective maintenance and
life extension strategies need strong input of the users to
set knowledge based expert systems, necessary to take
decisions on the strategy

2 The players are :

- The repair shops

- The engineering

- The O.EM. (Original Engine Manufacturer)

- The Approval authorities
The decision to introduce new technologies such as
- the replacements of old parts :
- The repair/rework
- The life management
depend of a comparative cost analysis of these three
possibilities

3 Theoutput:

The output of the process is a cost analysis of the various
possibilities to extend life and a conclusion on the cost
effectiveness of the best solution.

The point was raised of the possibilities of conflicting
interests between the various solutions since the
conclusion of a cost effectiveness analysis can be
different if the repair shop is independent or related to an
OEM or an user; the dependence of the Engineering
which contribute to the decision is also a key factor

THE TECHNICAL ASPECTS

The main general conclusions of the workshop are as follows :

1 Failure modes of the parts
- They are not always clearly understood or documented for

specific components, which make choices for new
technologies difficult

- HCF, LCF, Fretting and FOD are increasingly important
as life is now extended beyond the original target

JP,. IMMARIGEON
Institute for Aerospace Research, NRC
Montreal Road
Ottawa, Ontario K1A 0R6, Canada

2 Rejection criteria

The controllers are faced with unclear criteria due to the fact
that the problems are not anticipated or studied. Input from
experience can help to find unexpensive solutions and avoid
unnecessary scrap of slightly damaged parts

3 Surface modification treatments

It was found that more discussions between people working on
the surface treatments and designers are necessary to have a
clear view on the influence of these treatments on the
properties and design.

A good example is the addtion of a TBC which is favourable
to the life only if the TBC has been integrated in the design
(TBC adds weight and has no mechanical function).

4 Repair and rework

It was again emphasized that process control was important to
ensure consistency and repeatability

5 __improved life management for critical components

- Several papers showed clearly that life extension beyond
the safe service life was possible however this assumes
good lifing models and ac~urate fracture mechanics data
coupled with a statistical approach

- Obviously life management beyond safe service life also
needs accurate stress and temperature measurements on
the parts. It is also dependent of the capability to introduce
in the models stress and temperature cycles representing
the actual service conditions.

- This last condition is not easy to fullfil for military planes
and raises the problem of reliable usage monitoring
systems
- The necessity of good NDT techniques to allow life

management was also raised ; the problem being the
cost of such controls.

S-1
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MAIN POINTS RAISED DURING THE DISCUSSION

1__THE PROCESS

A component Improvement Programme exists in North
America where founding coming from national and
foreign military common customers is used to address
identify new
technologies for extending component lives. Such multi-
client program concepts do not exist in other Nato

common durability problems and

countries (Germany, France...)

2 SURFACE TREATMENTS/REPAIRS/REWORK

J. LIBURDI explained that for the non critical parts, life
extension is usually managed on a comparative basis ;
most of the effort is focused on restoration of the
metallurgical and geometrical characteristics. However,
restoring the initial structures is not always possible ;
ie : high temperature solutioning treatments are
sometimes impossible due to interdiffusion effects.
Sometimes repair shops are able to improve the
properties of the parts when they have a good
understanding of the physical metallurgy principles
governing alloy properties and iis service degradation.
An exemple is tip rebuilding of turbine blades using a
material more oxidation resistant than the original one.

However the repair shop has not always a clear view on
the interaction between the repaired parts and the engine

environment.
LIFE MANAGEMENT
The following problems were raised :

1 AVAILABILITY OF THE ENGINES

The extension of « on wing life » may not be the highest-
priority for armed forces. For some representatives the
most important aspect was claimed to be the
predictability of repair frequency to garantee the

availability of the engines.

2__IN SERVICE MONITORING

In service monitoring is difficult to implement especially
for older engines. It was pointed out that, for civil
engines, the engine cycles are usually well known and
very reproducible ; this is not the case for military
engines.owing to wide differences in ways the engines

are used.

3__MANAGEMENT OF REPAIRED PARTS

M. WINSTONE (DERA) raised the issue of the tracking
of repaired parts :is there a management system ? Can the

same part be repaired several times ?

For GEAE and SNECMA all the engines have
documented histories. The manual indicates how to mark
and follow a part although it is not always detailed (it
may just indicate that a repair was made but not provide

details).

The various Air Force representatives expressed that
documentation was compulsory with clear visibility. The
canadian Air Force applies the same process as

commercial companies.

In conclusion a part management system is important, but
it cannot be detailed and may be difficult to exploit over

extended periods of times.

4 LIFE EXTENSION OF CRITICAL PARTS

Damage tolerance models and retirement for cause are
solutions to extend the life.

However many problems arise :

- The theoretical bases are not always well established :
long cracks behaviour is reasonably described in
fracture mechanics ; on the contrary short cracks are
much more difficult to study and introduce large
scatter in the properties.

C.C. CHAMIS (NASA) emphasized that if failure
mechanismes are unique for a given material, the
failure modes will change with the operating
conditions which makes the predictions difficult.

G. HARRISON (DERA) explained that materials with
strong anisotropy made stress redistributions more
difficult to calculate. He gave the example of single
crystals with the possible influence of anisotropy on
surface strains and TBC spalling.

- Retirement for cause need efficient NDT techniques ;
very small defects must be found with high
confidence ; the inspections will be very costly: this
has to be included in the cost analysis

Evaluation of the risk due to life extension : if life
extension is applied only to the fleet leader, the
induced risk is very low and can be accepted (G.
HARRISON, DERA)

To increase the statistical basis it is also possible to
test to rupture the components which were retired
early.

- JP. IMMARIGEON remarked that in some cases the
damage tolerance philosophy cannot be avoided
when no more spare parts are available for very old
engines

SUGGESTION FOR FUTURE ACTIVITIES

From this discussion, the following subjects related to life
extension are considered important :

Retirement for cause of critical parts
Usage monitoring systems
Repaired parts documentation methodology




Recorder’s report on the workshop :

QUALIFICATION OF LIFE EXTENSION SCHEMES FOR ENGINES COMPONENTS

Alain Lasalmonie
Département YKO - SNECMA
Etablissements de Villaroche
77550 Moissy-Cramayel - France

L. INTRODUCTION

There is a continuing need for NATO forces
to reduce the cost of operating military
equipment. A major part of the life-cycle
cost of an aircraft can be attributed to the
powerplant and its components. The
replacement cost of service-damaged engine
components is a significant contributing
factor. Such figures are probably similar to
those experience by other NATO nations.
Therefore, from an operational cost point of
view, techniques for extending the usable
life of engine components should be very
attractive to NATO forces.

Engines components incur damage in
service as a result of their demanding
operating environments. The damage may
take many forms, depending on type of
component and operating conditions. For
gas path components, it may be external,
affecting surface finish or dimensions,
which tends to adversely affect aerodynamic
performance. The damage may also be

“internal, in the form of «creep or

thermomechanical fatigue damage, and may
involve cracking, as a result of which
component structural integrity is reduced.
When operating conditions prove to be more
severe than originally anticipated, and
materials  capabilities are  exceeded,
premature unforecast failures may occur.
Such failures affect powerplant reliability,
which in turn has a significant impact on
aircraft operational cost and capabilities.

In order to reduce aircraft engine operating
costs, operators may :

a) extend the usable life of gas path
components by providing increased

protection against environmental attack
through such means as the application of
protective coatings or others forms of
surface modification treatments (to new
or service-exposed parts) ,

b) return excessively damaged parts to
functional serviceability through
welding or brazing of thermal fatigue
cracks ; surfaces can also be rebuilt and
internal damage, such as creep voids or
fatigue damage, can be eliminated by
HIP rejuvenation or heat treatments.

Whichever life extension technology option
is pursued, there are airworthiness
qualification requirements that must be
satisfied to ensure that repaired or modified
parts remain safe and reliable when return to
service.- Furthermore, the introduction of
new life extension technologies may require
the implementation of new life cycle
management approaches for repaired and/or
modified components used beyond
conventional life limits.

This workshop intended to :

a) evaluate the state-of-the art in engine
component life extension technologies

b) share experience in methodologies used
to qualify the technologies as airworthy
for aircraft engine use,

c) review field experience with life
extension technologies, through case
studies for cold and hot gas path
components, and discuss the life cycle
management  of  repaired/modified
engine components.




T-2

Several speakers invited to this workshop
came from the commercial engines industry
since the concerns are more and more
similar for the military and commercial
business.

The summary of the 4 sessions will be given
below, with the main point raised during the
discussions.

The conclusions of the roundtable are
detailed at the end of this proceeding.

II. COMPONENT LIFE EXTENSION :
NEEDS AND BENEFITS

Several papers (papers 1, 2) stressed the
importance of a cost Effectiveness Analysis
(CEA) before deciding between repair and
replacement of used components.

The CEA is not a trivial task since it
includes technical costs and the cost of the
certification ~ process, = which  needs
appropriate structures when life
improvement must be substantriated.

* Other papers (paper 3, 15) evinced the
benefits which should be gained by
military  operators by  adopting
methodologies similar to commercial
standards : repair schemes and
delegation with maintenance contractors;
participation of the customers to repair
programs ;

» Life management, life cycle cost were
discussed in papers 2, 4, 5.

The interest of reliable life usage monitoring
systems was discussed in paper 2 ; one
interesting conclusion was that scrapping of
parts with remaining life is not a waste of
money when carefully planned.

Paper 4 showed how a damage tolerant
approach could be efficient to manage the
life of fracture limited parts. However

knowledge is still limited on LCF-HCF
interactions.

III. LIFE EXTENSION THROUGH USE
OF SURFACE MODIFICATION
TREATMENTS

This session was devoted to protective
coatings (papers 6, 8, 10) and to surface
modifications (paper 7) in order to improve
the environmental resistance.

DLC coatings (paper 6) have been known
for a long time, without finding extensive
applications in aeroengines, although their
tribological properties are good.

Paper 8 argued that life extension by the
addition of TBC is difficult to demonstrate
through laboratory testing ; full use of the
TBC depends of the understanding of the
failure mechanisms of both the barrier and
the component.

IV. LIFE EXTENSION THROUGH USE
OF REPAIRS / REFURBISHMENT
PROCEDURES

An interesting methodology was presented
by Orenda (paper 12) for
repair/rework/design change of gas turbine
engines.

This methodology addresses an organised
approach including :

» failure mode analysis
* coupon testing

" component rig testing
* engine testing

a

design change approval

This approach is very similar to that used for
commercial engines.




Paper 11 (J. Liburdi) detailed technologies
developed for repairing turbine components.
The complexity of the components and the
cost of the repair technologies are such that
cooperations between the repair facilities

and the engine manufacturers is

increasingly important.

Papers 13, 16, 17 gave practical example of
life extension.

In the case of recontouring compressor
blades (paper 13) the question was raised of
the efficiency of the new profile compared
to the original one. This is a general problem
which emphasises the importance of linking
design and repair.

Another interesting question raised in paper
17 is that, inspectors in the maintenance
shops have sometimes no clear guidelines
for the rejecting criteria ; as a result they
may have a tendency to scrap many parts.
There is thus. a need for improved
inspection capabilities and for standards
(Typical defects...)

Starting from an example on seal teeth,
paper 16 highlights the process variability
and the need to characterise process
capability in terms of margins and
specifications limits.

V. COMPONENT LIFE EXTENSION
THROUGH IMPROVED LIFE
MANAGEMENT

Paper 18 discusses the safe service life for
fracture critical components.

Life extension beyond the safe value is
sometimes possible and 3 ways are
described in the paper :

1. Exploitation, of the full safe life
capability in crack-tolerant components,

2. Exploitation if non finite fatigue test
results

3. Acceptance of a risk at a limited level
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The average life extension found possible is
20 %.

Paper 19 is complementary of the previous
one since it compares two methods : “The
safe crack initiation life approach” and “the
safe crack propagation life approach”.

The second approach can significantly
extend the authorised life.

Paper 20 describes a formal method to
quantify structural damage tolerance and
reliability. The results indicate that the
method is suitable for predicting remaining
life in aging structures.

However for all methods, one of the
practical problems is the weak correlation
between flight time and cyclic life : better
application of the modelling could be
achieved with better on-board monitoring of
the engine cycles.

IV. ROUNDTABLE DISCUSSION
The main point raised in the roundtable are :

1. a close relationship between all the
actors of the maintenance strategy is
increasingly important. The players
involved are : the users, the repair shops,
the engineering, the O.EM. and the
approval authorities.

2. The failure modes of the parts are not
clearly documented

3. The rejection criteria for the controllers
are, often, not clear enough

4. Full advantage of the surface treatments
depend of closer discussions with
engineering

5. Improved life management would need
reliable usage monitoring systems to
have realistic stress and temperature
cycles,
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6. Financial gains would be possible by
generalising components Improvement
multiclient programs.

The long discussions on life management
showed the difficulty of this problem ;
various aspects of it are detailed in the
roundtable summary.

The following activities were suggested for
the future :

" retirement for cause

" usage monitoring systems

* repaired parts documentation
methodology
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1. SUMMARY

The high cost of ownership of military weapons systems
coupled with shrinking defence budgets is encouraging the
pursuance of alternative management strategies for cost
control. Aero-engines which typically consume 30% of the
life cycle costs of a fighter aircraft platform are a prime target
for initiatives including: damage tolerant design practices, on-
condition maintenance and the repair, refurbishment or
rejuvenation of components as opposed to their replacement.
While the foregoing issues address cost issues in a very direct
manner, there are a number of other factors which may
motivate owners of large fleets of aircraft to pursue
management by repair/refurbishment.

2 ABBREVIATIONS

CEA Cost Effectiveness Analysis

CF Canadian Forces

DND  Canadian Department of National Defence

DRDB Canadian Defence Research and Development
Branch

FMECA Failure Mode, Effects, and Criticality Analysis

FOD Foreign Object Damage

HF Hydrogen Fluoride (Ion Cleaning)

HIP Hot Isostatic Pressing

HPC High Pressure Compressor

HPT High Pressure Turbine

IAR Institute for Aerospace Research ( of NRCC)

LCF Low Cycle Fatigue

NRCC National Research Council of Canada

OEM  Original Equipment Manufacturer

R&0O  Repair and Overhaul

ROI Return on Investment

TCA Transport Canada Aviation

3. INTRODUCTION

The Canadian Forces (CF), through the Defence Research and
Development Branch (DRDB) initiate a focussed research
and development program in 1978 to develop the capability
of performing unique repairs or life extension processes on
aero-gas turbine parts including those components considered
to be flight critical. This program culminated in 1998 with
the generation of an engine repair qualification process and
the demonstration of that process using parts from the F404-
GE-400 engines used in Canada’s CF18 aircraft. This 20
year program has been a partnership between the Department
of National Defence (DND), the National Research Council
of Canada (NRCC) and Canadian industry lead by the repair
and overhaul (R&O) contractor for CF F404 engines, the
Orenda Division of Magellan Aerospace. Without this
partnership, and investment by these two primary partners,
DND could not have pursued this ambitious project.

The operational and cost impact of aero-engines on weapon
system programs from a Canadian context is first provided.
Next discussed are the factors which motivate an operator of
aircraft engines to pursue repair technique development.
These considerations include not only the contracted cost of
repair and overhaul but also such issues as military
maintenance personnel overheads, flight safety, security of
supply, and industrial support base considerations. The
discussion of cost and operational benefit motivators is
followed by a description of the prerequisites considered
necessary by the CF for the pursuance of a repair process
development. These include: fundamental metallurgical
competence, an understanding of the operating environment
of the components, facility requirements, and a qualification
or certification process for the assurance that airworthiness
standards are being maintained. In concluding, a brief
description of the conduct of the F404-GE-400 qualification
process development is provided that includes a summary of
some of the benefits derived both from the targeted program
as well as those identified as a result of the change in
management philosophy.

4. BACKGROUND - THE CANADIAN
CONTEXT

The CF typically operate their aircraft in a manner which is at
least as extreme as any other user of the aircraft in terms of
both mission severity and service longevity. Environmental
conditions such as extreme low temperature conditions
complicate matters from perspectives of operability as well as
aircrew survivability following serious air incidents. By way
of example of utilization rates, the CC130 Hercules fleet has
historically exceeded manufacturer specified maximum
wartime utilization rates every year of operation, flying at an
average rate that is approximately 2.5 times that of the USAF.
Additionally, for reasons of cost avoidance, the CF has
periodically chosen not to introduce Original Equipment
Manufacturer (OEM) specified modifications to aircraft or
engines, and this has resulted in the requirement to manage
unique CF configurations. Often these unique configurations
have not received full OEM test or qualification support.
Finally, DND has endeavored to utilize a very capable
Canadian industrial base to repair and overhaul military
aircraft and components in order to establish and enhance an
indigenous support base necessary both in peacetime and in
periods of heightened tension.

To assist in identifying R&D investment priorities, the DRDB
conducted a study [1] to assess the impact of aeropropulsion
systems on in-service life cycle costs and operational
availability. At the time of the study, the cost of contracted-
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out support of DND equipment approached Can$1.4B of
which approximately Can$800M, or 57%, was devoted to
contracted R&O on air weapon systems. This high cost of
aircraft R&O reflects the high cost of advanced technology
combined with stringent flight safety requirements. A total of
eight CF aircraft were included in the study. Four
commercial aircraft having CF military equivalents were also
analyzed for data normalization purposes. For the CF
aircraft, the powerplant was found to cause from 27% (CF18)
to 46% (CH124 Sea King Maritime Helicopter) of materiel
failure initiated flight safety occurrences. The commercial
aircraft data were very similar to those of their military
equivalents. In terms of unscheduled maintenance man-
hours, which was taken to correlate with non-planned aircraft
unavailability, the powerplant consumed 10% (CH124 Sea
King) to 37% (CF-5) of resources. Replenishment spares,
contracted R&O, CF maintenance labour, petroleum, oil, )
lubricants, and expendable stores cost data is provided in [1],
although only the initial three factors are used for sub-
systems comparative cost analysis. Based on replenishment
spares, contract R&O, and fully loaded CF maintenance costs,
the acropropulsion systems typically account for 28% of the
in-service life cycle costs of an aircraft. Further analysis
identified premature retirement of engine components as the
major contributor to this high relative impact of the
powerplant on operational availability and aircraft support
cost. It was found that in some cases, components were being
rejected with as little as 10% of their specified design life
realized.

5. REPAIR /REPLACEMENT DECISION
FACTORS - MOTIVATORS

Given the foregoing overview of the cost and operational
impact as experienced by the Canadian military, and the
recognition that components can often be repaired at lower
cost than the purchase price of new components, the
following factors can be identified as motivators for repair
process development and implementation:

5.1 Reduced Program Costs

Perhaps the most obvious repair/replacement decision factor
is related to the program cost reductions that can be
achieved. As a prerequisite to repair process development for
the Canadian program [2], the projected cost of repair would
have be less than one third of the new part replacement cost.
This ratio was intended to focus repair development efforts
on those areas where the greatest program cost reductions
could be generated and to allow some room for repair process
cost growth. While this objective also identifies the
magnitude of cost reduction which might be expected, it is
often difficult to place an economic value on the benefits
derived from these repair processes within a military context.
In an organization whose primary purpose is revenue
generation, such as a commercial airline, a dollar value can be
readily determined which relates to aircraft availability at the
gate. Conversely, in a military organization, aircraft
availability may be of less concern during peacetime than in
the midst of a confrontation. Nevertheless, this issue can be
addressed for engine components if a sufficient understanding
of current cost drivers exists. The US Department of Defense

Cost Effectiveness Analysis (CEA) process, described at [3],
is an excellent and available tool for full cost/benefit analysis
of repairs. This CEA, or an equivalent procedure, is a
necessary prerequisite to understanding which repairs are
economically desirable.

5.2 Increased Component Service Life

Although it is generally assumed that a repaired component
will have a service life following repair which is a fraction of
that of a new component, research undertaken by Canadian
industry and the NRCC identified a number of opportunities
where the service life of a repaired component could actually
be greater than that of the original OEM component. It is
perhaps worthwhile to provide a few examples of how a
repaired or reworked component can offer this expectation of
increased service life.

The High Pressure Turbine (HPT) vane segment of the F404-
GE-400 suffers from thermal fatigue cracking in both the
MA754 vane and in the MM-509 platform or band. The vane
and platform cracking is due to complex thermal and gas
bending loads during typical military cycles of operation.

The repair process developed for the HPT nozzle consists of a
vacuum diffusion braze process which is accomplished by
filling the service induced cracks with selected and optimized
braze material. The OEM HPT nozzle segment has a Codep
B-1 aluminide coated platform and uncoated aerofoil or vane
segments. The uncoated vanes are subject to ¢yclic oxidation
and thermal fatigue cracking leading to spalling of oxides and
subsequent loss of material and functionality. In exploring
the metallurgy and the developing a full understanding of the
damage mechanisms, it was possible to develop a protective
coating for the aerofoils which will result in a service life of
the repaired component being twice that of the service life of
new HPT nozzles. Ideally, this same coating will also be
applied to new HPT nozzles. It is interesting to note that
once the coating process is applied to new components, there
may not be sufficient parts rejected for these repairs to be
economically feasible.

A second example is the HPT blade, which is a directionally
solidified René 80 component whose life limiting region is
expected to be the leading edge with the life limiting mode
being thermal fatigue. This component; however, suffers
intergranular corrosion tip damage and cracking which often
results in premature retirement with only a fraction of its
expected design life of 30,000 equivalent full thermal cycles
realized. The repair process that will be used to refurbish the
HPT blades will involve damage assessment, HF ion ’
cleaning, and weld repair followed by post weld heat
treatment and finish machining. The weld material at the tip
provides an interface between the gas stream and the
intergrain boundary that serves as a barrier to intergranular
corrosion. A service life has been demonstrated for repaired
blades in burner rig endurance testing which is far greater
than that of new components. A tip coating will also be
applied to further address the corrosion attack.

A final example addressing classic fatigue damage relates to
the fan blade. It was anticipated that Hot Isostatic Pressing




(HIP) rejuvenation of the titanium Ti-6Al-4V fan blades of
the F404-GE-400 engine could recover a conservatively
estimated 80% of that component’s original Low Cycle
Fatigue (LCF) life. This form of rejuvenation is the most
obvious demonstration repair or rework cost reduction in that
a time expired component which is aero-thermodynamically
functional can be retained through the recovery of original
materials performance. It is worthwhile noting that the HIP
process was developed and demonstrated, then abandoned
when the OEM modified the life limiting leading edge radius
beneath the blade platform and increased the LCF life by a
factor of three. This LCF improvement removed the
anticipated HIP rejuvenation Return On Investment (ROI).
Unfortunately failures of the modified design have not
substantiated the increased design life expectations.

53 Improved Safety of Flight
In developing the comprehensive knowledge base pertaining
to operational loading and critical damage modes, the user of

. a gas turbine engine will necessarily improve their ability to

anticipate failures of components and to understand the
consequences of those failures. An integral part of the CF
program was the generation of a Failure Modes and Effects
Criticality (FMECA) process for the CF18 engines. Not only
is the FMECA the initial decision point for a repair process
development, it is also a necessary tool for operational
management of fleet assets. The FMECA assists CF
heéadquarters staff in assessing the consequences of
unforeseen failures and in determining the most appropriate
management action required to ensure that operational
commitments can be met without sacrifice to airworthiness.

5.4 Security of Supply

Although the CF often experiences early fleet failures, other
users will experience those same failures and will place
concurrent demands for replacement parts which exceed
normal supply capacity. In an era when fewer aircraft assets
are held, unexpected supply shortages or replacement
component delivery priorities that are determined by other
nations’ governments, can have a significant effect on CF
operational readiness. In developing a repair/rework
capability it becomes possible for Canadian Forces
requirements to be met using the repair infrastructure in
periods of duress whether they are cost effective or not. If the
only means of keeping aircraft functional is to repair

damaged components, then that option will be available.

5.5 Industrial Base Development

The development of an industrial base in Canada to design
and implement repair processes can perhaps be justified
solely on shorter term economic factors. Inherent in the
development of this capability; however, is the development
or maintenance of competencies necessary to support future
military systems. Simply stated, it will be virtually
impossible to accept new technologies into operational
service, if Canada cannot technically manage existing design
concepts and materials performance. Canada’s aerospace
industry is primarily oriented towards commercial aircraft
needs, it is strong, technologically advanced and capable of

also meeting the majority of Canadian military aerospace
needs.

6. REPAIR/REPLACEMENT DECISION
FACTORS - CONSTRAINTS

6.1 Technology Base and Competency

The most fundamental prerequisite for the repair/replacement
option is the understanding of the metallurgical principles
which pertain to the gas turbine components of interest. The
physical properties of the individual parts of the gas turbine
and the damage modes that will affect either the aero-
thermodynamic performance or lead to physical failure of
these components vary greatly throughout the engine and
must be understood in detail. High and Low Cycle Fatigue
(HCF and LCF) may predominate as damage modes in the
compressor section, while pressure burst or thermal fatigue
may be primary considerations in the combustor. The area of
greatest duress; however, is in the turbine module where
creep, thermal mechanical fatigue, erosion and corrosion
combine to generate the most severe of operational
environments. The National Research Council, as part of
their research program, and as sponsored by DND, have
conducted a focused and productive research program in
emerging materials and their characteristics. DND engines
have provided the stimulus and much of the specific research -
subjects as they employ advanced materials for which a store
of service experience exists or is being continuously
generated. This information has been used to develop and
validate experimental test methods. Studies and experiments
have been conducted on coupons and actual service exposed
materials to establish the database necessary for advanced
repairs or reworks. International fora and research have also
been actively supported by NRC and DND contractor
personnel, including the AGARD Structures and Material
Panel Sub-Committee 33 on an Engine Disc Co-operative
Testing, and the Propulsion and Energetics Panel Working
Group 20 on Low Cycle Lifing Analysis Techniques for Gas
Turbine Components. These activities have established the
necessary understanding and the fundamental capabilities
within the Canadian technology base to proceed with the gas
turbine repairs anticipated.

A second competency area required for the
repair/replacement option relates to the understanding of the
actual operating environment in which these components
perform their design function. Much of this information is
closely guarded proprietary design data which is retained by
the Original Equipment Manufacturer (OEM). The design
assumptions; however, often do not adequately address the
entire operational spectrum and so it is necessary to analyse
in-service experience. This expertise has been developed
within the NRC and at DND support contractor organizations.
This aspect of the knowledge base has been developed
through advanced instrumentation development,
experimental methods development, analysis of available
histories of failed components, special instrumented engine
and flight tests, and post failure analyses. Much of this
knowledge is necessarily specific to type and has been
developed for the F404 engines.
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Understanding fleet average service loads is not sufficient to
support a comprehensive repair/replacement decision.
Individual monitoring of component life usage is also
required. Without the ability to track individual engine
usage, and from that to infer damage accumulation, it is
extremely difficult to adequately understand failure trends
and to generate repair processes which safely address the root
causes of failure. For this prerequisite function, the Canadian
Forces had supported a detailed data capture and analysis
program on the CF18 engines. This analysis capability was
intended to serve engine usage and health monitoring needs
but has also proven instrumental in enabling a more
comprehensive understanding of damage mode/operational
usage relationships. Without the Maintenance Signal Data
Recording System (MSDRS) and In-flight Engine Condition
Monitoring System (IECMS) of the F404-GE-400.engines
the database could not have been generated.

6.2 Certification Infrastructure

As mentioned previously, a major obstacle to airworthiness
certification for many operators is the availability of adequate
test facilities for coupon, component and full scale engine
verification testing of repair redesigns or reworks. As a part
of the collaborative R&D program between DND and NRCC
a number of these facilities have been established, or
improved, and valuable experience gained in their operation.
These facilities are primarily located in the Institute for
Acrospace Research (IAR) and are made available to DND.
Test capability has been developed for a full spectrum of gas
turbine design considerations and includes:

6.2.1 Tensile and Compressive Test Devices

A number of test systems are available for tensile and
compressive testing at elevated temperatures up to 1200°C for
testing coupons of virgin material or coupons machined from
service exposed components.

6.2.2 Bending

Four point bending at up to 1500°C and high cycle rotating
bending fatigue testing up to 980°C and 10,000 RPM in
corrosive atmospheres can be conducted to simulate operating
conditions.

6.2.3 Indentation Testing

This test capability is necessary to assess the performance of
corrosion or erosion coating systems as well as to assess the
performance of other forms of surface treatment, such as ion
implantation, or laser surface treatment. Tests can be
conducted at temperatures up to 1000°C.

6.2.4Low Cycle Fatigue Testing

Stress or strain amplitude controlled LCF testing of
compressor or turbine material coupons can be conducted up
to 1100°C as necessary to validate the long term life
characteristics of compressor components which have been
weld repaired or turbine components which have received a
protective coating system which can in turn affect substrate
characteristics or durability.

6.2.5 Fatigue and Creep Crack Growth Rate

Creep strength up to 1100°C can be demonstrated and fatigue
and creep crack growth rates can be studied at temperatures
up to 1000°C for damage tolerance testing of coupons or
components. The purpose of this type of testing is to gain an
understanding of the service time available between initially
detectable defects and component dysfunction.

6.2.6 High Temperature Burner Rig Testing

A high temperature burner rig has been established at the
Institute for Aerospace Research with DND funding which
enables thermal fatigue and erosion testing of coupons or
components at temperatures up to 1500°C and at high
velocity (M=.8). This test facility was originally intended for
erosion/corrosion testing but has been successfully adapted
for thermal mechanical fatigue and durability testing of full
scale gas turbine components or representative coupons.

6.2.7 Full Scale Engine Testing

A comprehensive compliment of full scale engine test
facilities with laboratory quality instrumentation also has
been established at the NRC/IAR for DND and commercial
test purposes. These test facilities were originally established
for engine health monitoring and gas path analysis research,
as well as DND failure analysis. These test systems now
represent a major asset available for DND and industrial use.
Engine Block Tests or Accelerated Mission Tests which are
similar to the final test requirements for commercial
certification of engine designs, have been performed on the
CF18/F404 engine in an NRC engine test cell.

6.2.8 Hot Spin Pit Test and Advanced Coating
Technologies

Although not employed in the original CF repair development
program, the NRCC have added hot spin pit test and an
unbalanced magnetron sputtering coating facility for future
materials and repair technology development.

6.3 Certification Process

DND has a long and well-established record of flight safety
which is on par with, or exceeds civil standards. Repairs to
flight critical gas turbine components have not been
attempted in the past by DND and no approach had been
developed to address the certification of airworthiness for
repaired components. Additionally, commercial operators
have not attempted repairs to flight critical engine
components in the past and accordingly, no commercial
certification procedures were found to exist. Civil regulatory
guidance was found to be directed primarily toward the
design and certification of new engines and components. In
order to understand the civil regulatory requirements and to
develop a process which was consistent with aerospace
industrial practices, a review of regulatory agency
requirements in Europe and North America was undertaken.
This enabled the generation of a certification process on gas
turbine repairs which will ideally be acceptable to civil
regulatory agencies in the future.




6.4 Cost Effectiveness Analysis

A Cost Effectiveness Analysis (CEA) approach has been
developed by the US Department of Defence in collaboration
with their industrial and university partners. This CEA
identifies a consistent and engineered approach to cost and
benefit assessment and was directly applicable to the DND
project on gas turbine repair development. The principles of
this CEA analysis have been applied to repairs in the
Canadian program. The process essentially identifies each
step in a repair process and the total cost picture associated
with that step. The CEA inputs are divided into three areas:
standard inputs, which define the current environment;
incorporation data, which accounts for one time changes
caused by the implementation of the repair process; and
scheduled/unscheduled inputs which reflect current
maintenance schedules, and current unscheduled removal
rate. CEA outputs can be given in terms of dollar cost or in
investment terms, as NPV, RO An important capability of
this CEA software is that one can perform a sensitivity
analysis to identify and address the critical functions and
further optimize costs or benefits. This ability works in-
reverse, that is, hypothetical events such as fuel cost increase,
or parts unavailability can be addressed with respect to costs.

7. CONCLUDING MATERIAL

Having identified the motivators and constraints considered
by the Canadian military, it is perhaps worthwhile to briefly
summarize the steps taken in developing the repair
qualification process and then to identify the cost reductions
that are now expected to accrue to the CF18/F404-GE-400
engine program.

7.1 Qualification Methodologies for Gas Turbine
Repair/Rework- Program Description

The development of a methodology for the airworthiness
verification of gas turbine component repairs or reworks and
the exercise of that methodology on a number of CF18 engine
repairs has now been completed. That process involved
technological, as well as economic considerations. The
individual phases of the program are described below:

7.1.2 Preliminary Technology and Economic Feasibility
Studies.

Prior to initiation of the major development project and using
the CF18/F404 engine as a target of opportunity, component
failure and rejection rates at all levels of maintenance, repair
and overhaul were analysed. Components which offered
potential for significant cost savings were identified and
technology needs for repair identified. The economic
analysis was fundamental in nature and was subsequently
enhanced using the CEA procedures. Technologies were then
explored which could address knowledge gaps and the
technical feasibility of a number of specific repairs was
demonstrated.

7.13 Regulatory Agency Review.

The intent of the Regulatory Agency Review was to identify
what, if any, existing guidance could be applied to DND
initiated repair redesign activities. It was also intended that a
Qualification Methodology be generated which would

facilitate the acceptance of the specific repairs generated
under this project by other military users, and would
encourage the pursuance of these repairs in commercial
markets as well. A review was conducted of the procedures
followed for design change approvals as specified by
Transport Canada Aviation (TCA), The United States
Federal Aviation Administration (FAA), the British Civil
Airworthiness Authority (BAA), the European Joint Aviation
Authority (JAA), the U.S. Department of Defence, and UK.
Ministry of Defence (MOD). In general, the TCA procedures
and definitions are being used as they address or surpass the
requirements of other regulatory agencies. Differences
between TCA and other regulatory agency procedures have
been documented in a comprehensive report for future
reference. The process for repair certification, and the
responsibilities and privileges of accredited personnel such as
the Design Approval Representative (DAR) or a Design
Approval Organization (DAO) are also specified.

7.1.4 Failure Mode Effects and Criticality Analysis
(FMECA)

This element of the Qualification Methodology is of value to
fleet repair analysis as well as for repair redesign purposes
and will serve as a stand alone tool for DND's Life Cycle
Materiel Managers (LCMM). The FMECA is a computerized
aid which leads design authorities for aerospace equipment
through the types of failures which can occur on each
component, identifies the probability of those failures, and
explains possible subsidiary consequences of failure.

7.1.5 Qualification Methodology

The Qualification methodology describes how to design and
certify a repair as being airworthy following a systematic,
consistent and auditable certification process. The
methodology addresses repair design, life analysis,
verification testing, and personnel qualification requirements.
This qualification methodology is applicable to Canadian
DND aero-gas turbine engines and is valid for both flight-
critical and non-critical components. The certification
process specifies requirements for:

FMECA;
Coupon level test requirements and process guidelines;
Component rig testing requirements and process
guidelines;

e  Full scale Engine Block Test and Accelerated Mission
Testing methodologies; and

e  Design change approval process and documentation.

7.1.6 Proof-of-Concept Demonstration

The feasibility of a number of advanced repair and life
extension techniques for high cost /high rejection rates
components had been explored in preliminary studies. In
order to fully demonstrate the repair generation and
certification process, a comprehensive repair certification
program was initiated for the F404-GE-400 components of
interest. Contractual issues required that a specified
minimum set of repairs was to be demonstrated during the
proof-of-concept stage of the program. The repairs which
were contractually specified are listed below:
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Stage 1 fan blade FOD repair;

Stage 1 fan blade dovetail fretting fatigue improvement;
Stage 3 HPC blade dovetail fretting fatigue
improvement;

HPT vane segment cracking and braze loss repair;

HPT vane life extension;

HPT blade tip repair;

HPT blade life extension; and

LPT vane segment cracking and braze loss.

7.2 Canadian Repair Program Benefits

Table 1 below identifies both preliminary and rudimentary
Cost Benefit Analysis figures, as well as CEA savings
projections for the repairs identified above. Both of these
figures are provided to identify the much more conservative,
but realistic CEA cost avoidance projections. It is felt that the
more rigorous CEA is a necessary tool for the identification
of realistic cost avoidance potential.

Table 2 below identifies the CEA cost reduction projections
for repairs that have been identified for the F404-GE-400
engine subsequent to the initiation of the proof-of-concept
demonstration contract. These repairs give an indication of
the effect of the change in management philosophy on
program costs for this one engine program.

7.3 Conclusion

The savings indicated in Tables 1 and 2 are significant from
cost and management perspectives. This proof of concept
demonstration phase of this program cost Can$4.1M and was
initiated based on the expectation of Can$43.3M in program
cost savings/cost avoidance. The CEA estimate of
Can$12.3M was considered realistic and provided only a
marginally acceptable ROL. The savings anticipated from
opportunity repairs that would not have been conceived
without this repair process development; however, total an
additional Can$66.4M. Once an organization recognizes the
cost and availability impact of repair implementation, and has
the infrastructure and process to effect those repairs,
significant benefits can be derived. Benefits to the CF
resulting from the development of a repair certification
process are as follows::

e  Program cost reduction/avoidance;

Increased new and repaired component life;

Improved safety of flight;

Improved maintenance management decision tools;
Security of supply;

Industrial base preparation for advanced technology
concepts

Table 1 - Canadian Repair Program Initial Cost Avoidance
Projections

Component/ Initial Estimated | CEA Estimated

Repair Savings Savings
(Can$M) (Can$M)

15t Stage Fan Blade 2.9 1.4

FOD

18t Stage Fan Blade na )

Fretting Fatigue

15t Stage Fan Blade 7.4 Cancelled

LCF Extension

3rd Stage HPC na na

Blade Dovetail

Fretting Fatigue

HPT Vane Cracking

and Braze Loss * 21.0 1.2

HPT Vane Life

Extension

HPT Blade Tip na na

Repair '

HPT Blade Life na na

Extension

LPT Vane Cracking 12.0 8.8

and Braze Loss

15 Year Program 433 123

Savings (Can$M)

* Includes recovery of an estimated 2000 HPT nozzle
guide vane segments which have previously been
rejected and quarantined pending repair process
development.

Table 2 -Opportunity Cost Reductions/Avoidance

Component Repair CEA Estimate of 15 Year
Savings (Can$M)

LPT Nozzle Segment Joint . 43
Combustion Chamber case 32

LPT Nozzle Air Seal 20.9

HPC Vane Segment 3

LPT Blade Coating .8

HPT Shroud Support Repair 27.9

Front Frame Repair 9.0

Total 15 Year Cost Reduction 66.4
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1. SUMMARY

It is an usval approach of traditional lifing procedures to
perform extensive and therefore costly-spinning and laboratory
tests with subsequent sampling programmes aiming at the
maximum usage of fracture critical parts, so called group-A-
parts.

Experience on military programmes has shown that this
approach does not take into account all the aspects related to
the real in-service situation.

In order to avoid engine removals and disassemblies due to
life-expired parts, causing major expenses, it becomes
necessary to retire parts when they become available on the
basis of natural arisings, i. e. at the most economical and
suitable point in time.

The aim of the presentation is to encourage both the
manufacturer and operator of military engines to instigate a
detailed review of their current lifing policy as far as the
remaining life at the point of retirement is concerned.

Furthermore, some aspects concerning the philosophy of the
required (desired) specified life for an engine and its
components are highlighted.

2. INTRODUCTION

The German Air Force/German Navy (GAF/GNY) has
implemented a modern lifing concept combined with the
_introduction of a ,Life Monitoring System* for the RB 199,
the engine of the Tomado aircraft.

This paper will review the corresponding procedures, the users
effort necessary to cope with the relevant requirements and
will highlight associated in-service experience.

It is neither the aim to create new lifing philosophies nor to
propose specific changes to stress calculations, to certain laws
or to specify mathematic formulae.

This task of course is left to the experts and the appropriate
fora.

After more than 15 years experience of RB 199 in-service
operation it appears prudent to question certain features
established in the course of improving the general lifing
procedure and to assess its economical value.

Some aspects will be presented which cropped up during the
process of reconsidering the present approach because of
budgetary restrictions and problems concerning the
availability of engines.

Presenting a realistic, clear-headed and unbiased picture from
the users point of view, supported by trends, statistics and
other facts, should be supportive and helpful for the experts
during the process of developing living concepts which suit
both sides best.

All parties involved are encouraged to reconsider certain
aspects and benefits of “old” and simple lifing procedures in
combination with modern features which have already
demonstrated their costeffectiveness.

3. CURRENT LIFING PROCEDURE
3.1 Basic Method

The procedure we are talking about, mainly deals with the life
of fracture critical parts. This procedure forms a major
element of the general lifing policy applied to the RB 199
engine and is covered and documented comprehensively [1].

Initially, this procedure was solely based on the “Safe Crack
Initiation Life” where “Crack Initiation” is defined as a crack
of 0.4 mm.

Release of the full life of the fracture critical parts is subject to
the successful completion of cyclic rig testing of ex-service
samples at 50 % and 75 % of this safe life. Temperature
profiles as close as possible to actual engine in-service
environment are simulated during testing of certain fracture
critical parts.

The results require support from detailed inspection of parts
withdrawn from service engines after equivalent times of
operation.

For parts, where meaningful cyclic testing cannot be
performed due to technical reasons (installation, geometry)
life clearance (extension) is based on satisfactory inspections,
cyclic tests on new parts, on modified ex-service parts or on
representative specimens.

Paper presented at the RTO AVT Workshop on “Qualification of Life Extension Schemes for Engine Components”,
held in Corfu, Greece, 5-6 October 1998, and published in RTO MP-17.
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3.2 Module and Accessory Sampling

Only limited evidence regarding the many possible failure
modes is available by the time an engine enters service.

Therefore, the initial lifing procedure is supported by a
sampling plan to avoid failures which may remain undetected
and become hazardous to the aircraft.

This plan requires a stepwise withdrawal of relevant samples
from different operating units for detailed non-destructive
inspections.

Evidence from all maintenance facilities is also taken into
account. This is to guarantee that all possible effects of
operational peculiarities of all users are considered.

3.3 Technical Life Review

Additionally, technical life reviews are established at each
stage of life declaration to consider and discuss the technical
history and results of regular inspections supported by the
evidence obtained from inspections resulting from quite a
number of unplanned removals due to natural arisings.

3.4 Cyclic Exchange Rates/Monitoring System

Furthermore, an extensive exercise embracing a
comprehensive assessment of a large number of flight

recordings (usage survey and mission analysis) has shown .

how the engines have actually been used in service, resulting
in a reduction of the initial cyclic exchange rates.

Cyclic exchange rates, also called B-factors, determine the
ratio between cycles of engine components and engine flying
hours (EFH).

To allow the safe use of components until their individual life
expires and to avoid continuous, frequent evaluation of
mission recordings, an on-board engine monitoring system has
been introduced.

This system automatically calculates the life consumption in
accordance with the mission profiles actually flown.

Hence, a large database containing detailed and reliable
information on all individual fracture critical parts of the
engine is readily available for the user and the engine industry.

Detailed assessment of the life usage data has shown that
significant differences exist between handling procedures and
mission profiles. Also differences between right and left hand
engines have been established, even pilots’ “finger prints”
could be identified.

3.5 Safe Crack Propagation Life

In order to overcome quarantining of parts during life
progression, interim lives based on preliminary results from
not yet completed cyclic tests or on in-service evidence are
frequently released.

Despite of that, certain fracture critical parts have to be
withdrawn because they have reached their relatively low
declared safe service life.

In accordance with the safe life approach, the predicted safe
life of the weakest individual part will be the final life for all
of these parts in service, which means that a significant
amount of residual life of the other individual parts must be
wasted.

Hence, the high cost for spare parts requires reconsideration of
life extension methods within the frame of the implemented
lifing procedure.

Extensive specimen tests, investigation of the crack
propagation characteristics and cyclic testing up to the onset of
unstable crack propagation to establish the safe cyclic
dysfunction life demonstrated that certain discs and their
critical areas were significantly damage tolerant.

A detailed finite element analysis using the 3D method was
performed to fully understand the stress intensity at critical
areas for a limited number of load steps.

Without weakening the primary objective of the lifing
philosophy, i. e. to ensure aircraft flight safety, the basic
procedure was refined and the safe propagation life of damage
tolerant critical areas of fracture critical parts was added to the
safe crack initiation life.

3.6 Statistical Analysis

A proposal to use statistical analysis of finite and non-finite
lognormally distributed fatigue test results for the lifing of
fracture critical parts is under consideration.

It is expected that this statistical method comprising the
analysis of samples which contain non-finite results can
provide service life extensions up to 40 % [8].

However, had the fatigue testing in the past been continued
beyond the occurrence of cracks (no termination of testing
after the scheduled test period), this complex approach would
not have been necessary.

In consequence, the total life (initiation and propagation)
should be established at a very early stage of development
(i. e. spin testing of new parts).

4. ON-BOARD LIFE USAGE MONITORING
SYSTEM (OLMOS)

4.1 Development of OLMOS

The Tornado aircraft is equipped with an on-board life usage
monitoring system integrated into a data acquisition unit
which records flight data.

The system is installed on all GAF/GNY Tornado aircraft and
used fleetwide.

As part of this system the “Engine Life Consumption
Monitoring Programme” (ELCMP) contains the calculation of
the low cycle fatigue life consumption of fracture critical parts
and additionally, engine performance trending and
diagnosis/statistics.

To date, nine updates of the software have been introduced as
a result of continued testing, new engine standards, increased
experience, better knowledge of temperature distribution
taking into account deterioration of the air system and
modified engine parts.




Finally, tasks have been initiated to develop crack propagation
models (algorithms) which are directly integrated into the
structure of the existing life usage monitoring system. The
next ELCMP version will feature that scheme.

To cater for changes in engine build standards, additional
engine configurations or changes in operational requirements,
it is necessary to continuously update the ELCMP software,
during the lifetime of the engine.

Those fleetwide software changes incur considerable effort.
Therefore, change proposals must be carefully evaluated to
avoid that the cost for the update exceed the savings gained by
a few more cycles.

However, application of OLMOS means that the life of critical
engine parts is individually monitored during in-service
operation with the benefit that the scatter of low cycle fatigue
life consumption of comparable parts is much smaller than the
scatter achieved by using cyclic exchange rates. See figure 1

[7].

Frequency

Increase of

Increase of
safety

economy

[ Ssvam———

individual
monitoring

General monitoring using OLMOS

using B-factors

1 Real LCF Calculated LCF
consumption consumption

Figure 1 Distribution of LCF life consumption; application
of B-factors compared with a life monitoring

system

4.2 Lessons Learned

A comprehensive and permanent training of all support'and
maintenance personnel is mandatory to obtain the expected
benefits from the monitoring system (high skill level).

Unfortunately, after years of in-service experience, the link to
the central logistic support system is still a route full of
possible errors and inconsistencies which requires refinement
to synchronize the various activities between the parties
involved. Too much manual intervention is necessary in
handling the lifing data of spare parts. Additionally, the
planning process does not fully exploit the vast amount of
information contained in the collected data.

The ground station as part of the life monitoring system
should contain all the information necessary for tracking the
life usage of each engine of the squadron or of the fleet.

Due to data handling problems, a separate calculation system
was installed to check the plausibility of all the data fed into
the logistic support system.
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Therefore, the full beneﬁf and the expected cost savings could
not be realised.

To ascertain that all the positive effects of an individual
monitoring system are achieved, the above quoted deficiencies
- human errors in particular - have to be avoided by all means.

It is absolutely essential, to completely design and establish
the whole structure of such a system during the stage of
development. This has to include all details on the data
transfer process from the on-board monitoring via any hand
held device and ground station to the different logistic centres
at the end of the line.

Furthermore, by only recording and storing the mission related
data on aircraft and calculating the low cycle fatigue life
consumption in a ground station, the on-board system can be
kept quite simple. On-board processing, on-board storage of
results and on-board bookkeeping of engine life consumption
would not be required.

Should the calculation process of the life consumption be
changed, a reassessment of the life usage of the individual
component would be possible more easily and accurately due
to the availability of the complete mission data in a ground
station instead of introducing additional correction factors.

In addition, software updates would be less complex and
costly due to the simplified software clearance requirements
for ground stations.

5. EXPERIENCE WITH THE CURRENT
PROCEDURE

In an international programme where each nation uses
individual methods and different monitoring systems for the
calculation of the life consumption of their fracture critical
parts, the assessment and evaluation of relevant test results can
be a painful, engineering capacity binding, time consuming
and costly exercise.

Because of the above, the customer has hardly any other
choice than to accept and implement updates to the lifing
procedure depending on the latest findings from further
research and development programmes.

The highest priority is dedicated to flight safety and the
avoidance of any hazardous flight situation, this means that all
improvements e. g. in disc design, material properties or
manufacturing processes, consequently require an update of
the lifing procedure.

Special programmes have been established to fully assess the
effects of corrosion, fretting, wear etc. on the predicted life.

The high number of unplanned removals provides a lot of data
regarding the status of fracture critical parts that can be
collected from the repair and overhaul line.

This data is used to identify potentially critical areas and to
take any necessary action in due time.
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Despite the useful and risk minimising effort to streamline and
to optimise the lifing procedure by taking on board new
technologies and methods to reflect the latest state of the art,
the customer is still confronted with certain life reductions
which leads to the question if the original approach has
completely taken all safety aspects associated with lifing into
account.

Furthermore, human errors in the interface between ground
station and logistic system have led to an extra programme to
recalculate the life consumption and to check the plausibility
of the recorded hours/cycles for the individual parts (see para
4.2 above).

The fact that the total cost for the replacement of components
exceed the price of a new part by far, leads to the conclusion
that all economic aspects are to be considered before a part is
replaced. Even very early withdrawals can be costeffective.

In summary, the implemented procedure with its staged life
release to the maximum usable life supported and confirmed
by spin tests, confirmatory samples and unplanned removals
taking into account all unforeseen “In-Service Effects” which
could severely influence the final life of a component is a
rather cost intensive method.

In conjunction with an intelligent on-board life monitoring
system the total life potential of an individual part can be
entirely used in service. Furthermore, “real life” exchange
rates can be derived and the exact knowledge of the life
consumption of each individual fracture critical part is in
hand. The real overall situation and distribution of the
remaining life of the parts within the fleet is available at any
point in time.

The availability of all this data allows a specific module
and/or engine removal management and the use of additional
life potential if, for instance, a crack propagation life is
calculated.

Despite the high level of confidence and safety gained, the
procedure requires a sophisticated management system for life
monitoring, logistics and parts.

Additionally, the necessary high skill of the staff requires
permanent training which is aggravated by the frequent
fluctuation of military personnel.

One special problem needs mentioning, in case of a reduction
of the released life due to unforeseen changes, there are no life
reserves to compensate for. This is a very sensitive and costly
(additional removals!) area of the lifing procedure.

6. IN-SERVICE SITUATION

6.1 Definition of a Remaining Life

Every year, a summary of operation is issued which reviews in
great detail the causes for engine rejections including the

individual modules and accessories and shows statistically the
overall situation.

During the last 10 years of service operation, the different
fleets (GAF/GNY) suffered a total of approx. 3660 unplanned
engine removals followed by extensive repair and overhaul
activities (distribution see figure 2).
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Figure 2 Distribution of unplanned engine removals

Because of the modularity of the engine, complete modules
have to be replaced which means that every year a very high
number of individual modules require rectification causing
high repair and spare part costs.

It is not always easy to determine which module is the one
causing the problem. Often the deterioration of a number of
modules contributes to the failure of an engine (e. g.
vibration).

Studies have shown that the most significant contributor to the
life cycle costs of fighter engines are the costs for parts and
labour associated with repair and overhaul.

In an ideal world, only rejections of engines caused by the
expiration of the released service life of parts and components
would be expected.

Unfortunately, in addition to the planned removals (life-ex)
the high number of unplanned removals (natural arisings)
leading to shortage of repair capacity, grounding of aircraft
and costs which are not necessarily covered by the released
annual budget has to be taken into account.

Detailed assessments have shown that the actual cost for
engine removal, disassembly, repair and assembly can be
more than ten times higher than the cost for a new fracture
critical part. Practically, the cost for the new part can be
ignored and a new approach has to be explored.

To minimise the cost, both, the unplanned and planned
removals have to be combined and optimised. Fracture critical
parts due for retirement should be replaced when they become
available on the basis of an unplanned removal caused by
natural arisings (see figure 3).

years
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Figure 3 Replacement of fracture critical parts

A compromise is to be found between the probability of an
event causing an engine disassembly and the cost and logistic
implications of removing and retiring serviceable parts before
their lives are expired.

The value of the “wasted” life of a fracture critical part and the
cost for engine removal and repair have to be balanced. The
possible effects and implications resulting from a lifing
procedure where fracture critical parts with different periods
of remaining life are retired have been investigated. The
results are shown below. '

6.2 Optimisation of the Remaining Life

In the early service phase engines are rejected more frequently
due to reliability problems. Usually, the remaining life at
retirement is relatively low as the parts concerned become

available quite often.

At a later stage, the reliability increases due to introduced

-modifications. The number of engine removals and

consequently the opportunity to review the remaining life of a
fracture critical part in order to decide on its reuse on an
economical basis is reduced.

Hence, each time an engine is removed and disassembled and
the fracture critical part becomes available, a decision must be
made whether to reuse the individual item or to retire it due to
its remaining life being too low.

To illustrate the possible differences in module availability
and the resulting effect on how an appropriate time for
retirement is defined, three engine modules are exemplarily
considered:

- Low Pressure Compressor (LPC) - a module the removal
of which does not require removal of other modules

- High Pressure Compressor (HPC) - a module requiring
very extensive strip of the engine

- High Pressure Turbine (HPT) - a module of the “hot end”
requiring removal of several other “hot end” modules.
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Each time an engine is rejected from the aircraft and
disassembled for rectification, the aircraft downtime affecting
the operational readiness, the manhours required at all
maintenance levels the transportation-, administration-, repair-
and spare part costs as well as the spares availability have to
be considered.

Summary of Influences
The various influences affecting the definition of an
acceptable remaining life at retirement are:

Part Costs
The relatively high cost of the LPC (3 stage welded drum)

“requires that the maximum possible life is used.

Effect: - Reduce the remaining life at retirement maximise the
usage.

The relatively low cost of the HPT (single stage disc) does not
require that the maximum possible life is used.
Effect: - Increase the remaining life at retirement.

Removal/Replacement Cost
The LPC module is easily and quickly removed and replaced

no disturbance of other modules. Therefore the costs involved
are relatively low.
Effect: - Reduce the remaining life at retirement.

To access the HPT several modules require removal therefore,
the costs for removal and replacement of this module are
comparatively high.

Effect: - Increase the remaining life at retirement.

Module Repair Cost

The relativety high cost for repair of the LPC suggest that the
number of removal/replacements should be minimised.

Effect: - Reduce the remaining life at retirement.

The relatively low cost for repair of the HPT implies that the
number of removal/replacements has little effect on costs.
Effect: - Increase the remaining life at retirement

Look in Damage
As the LPC can be removed without disturbing other

modules, the opportunity to discover look in damage is
minimised.

Therefore, additional costs are low.

Effect: - Reduce the remaining life at retirement.

As several modules require removal to access the HPT, the
possibility of finding a large amount of look in damage during
removal/replacement is high.

The resulting repair cost should be avoided.

Effect: - Increase the remaining life at retirement.
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The HPC is the most expensive component requiring a
complete strip of the engine, and is a very expensive spare part
due to the number of discs involved (6 stages). Furthermore
grouping of the discs lives is necessary since each of the discs
has been released for a different service life.

The various influences affecting the definition of a suitable
remaining life are shown in table 1.

Remaining
Criteria | Module| Life (RL) Comments
- +
Removal With no clear peak
Distribution |LPC v a lower RL can be
(see figure 1) used
Clear peak
HPC v |indicates higher RL.
Clear ~ peak
HPT Y |indicates higher RL
Cost of High cost require
Spare Parts LPC / lower RL
and Module High cost requires
Renai
epair HPC v lower RL
Relatively low cost
HPT v allows higher RL
Cost for Low cost allows
Removal/Re- LPC v lower RL
lacement, X R
iook In HPC v Elgﬁl (igIth requires
Damage and 1gher
Additional Hich .
Module HPT v h'lgh (;;)ISJt requires
Spares ¥ igher
Table 1:  Criteria affecting the definition of the most

suitable remaining life.

Removal Distribution

Figure 4 below, shows the number of removals of the LPC,
HPC and HPT versus the time between two consecutive
removals in engine flying hours [6].

All unplanned removals from entry into service until end of
1997 are included (GAF/GNY).
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Figure 5 Frequency of planned removals versus Remaining
Life

Figure 5 above illustrates the reduction of planned removals
(life-ex) with increasing remaining lives. The figure is based
on the removal distribution shown in figure 4.

Causes for Removal
The LPC is subject to a high rate of non-basic removals .
caused by foreign object damage (FOD) which has no major

overall effect on the rest of the engine.

The HPC is subject to a fairly high rate of non-basic removals
caused by FOD similar to the LPC.




The primary causes for HPT removals are basic failures
related to design and material of the turbine blades.

A small percentage of removals are due to secondary damage.

Maintenance Effects

The LPC module is easily and quickly removed and replaced
without disturbing other modules.

Unrelated modules hardly ever require removal, repair or
replacement. Therefore, most of the LPC replacements do not
incur any additional cost.

The HPC module requires the highest maintenance effort for
removing and replacing all the fracture critical parts.

The cost for removal and replacement of the HPC is the
highest of all engine modules and requires almost a complete
engine disassembly.

On these grounds any unnecessary removal and replacement
should be avoided.

Several modules require removal to access the HPT and
therefore, a high amount of unrelated damage can be identified
which requires repair (look in damage). :

The cost for removal, repair and replacement of this module is
comparatively high.

Look In Damage

Using a sample of LPC, HPC and HPT module removals, the
following average percentage of other modules requiring
repair (look in damage) has been established (see table 2,
repair due to secondary damage is excluded).

Matrix of Look In Damage

Module | LPC (01) HPC (03) HPT (08)
01 100% 35% 45%
02 21% 20% 45%
03 21% 100% 25%
04 7% 25% 20%
05 0% 25% 20%
06 14% 30% 45%
07 14% 85% 95%
08 21% 75% 100%
09 0% 60% 35%
10 7% 65% 25%
11 7% 40% 0%
12 7% 35% 35%
13 0% 5% 0%
14 0% 30% 5%
15 14% 0% 35%
16 7% 10% 10%

Table2: Amount of damage to other modules (look in

damage) identified during removal of the LPC
(module 01), the HPC (module 03) or the HPT
(module 08). Modules 02, 04 to 07 and 09 to 16
form the rest of the RB 199 engine.

Removal Cost

Based on the distribution of look in damage an additional cost
element for the repair of the associated modules has to be
added when estimating the total average cost for removal of
the LPC, HPC or HPT, respectively.

Summing up all aspects which have an monetary effect on the
overall cost for the replacement of an engine module leads to
the following correlation:

Module Cost for Removal
LPC 1.0
HPC 24
HPT 1.8

Table 3: Correlation of total removal costs.

Establishment of the Remaining Life

Considering the findings of the cost evaluation and the
situation concerning various influences like removal
distribution, extent of engine strip/repair and spare parts
availability the following individual remaining lives have been
allocated to the three different modules:

LPC = 200 EFH
HPC = 800EFH
HPT = 700EFH.

6.3 Concluding Remarks

Several factors must be taken into account when reviewing the
most cost effective remaining life at retirement of a fracture
critical part. A continuous update is required reflecting the
actual in-service situation.

The most crucial factor is the actual time of and time between
removals currently evident in the fleet since this rate
determines the period when parts to be replaced become
available at no extra cost.

As seen from the three examples (LPC, HPC, HPT) above, an
allocation of a single remaining life for all modules does not
result in the most costeffective approach.

A lifing policy of retiring fracture critical parts by
“sacrificing” remaining life, requires a compromise between
several contradictory features. However, a sensible assessment
will ultimately reduce the cost. Consequent application of this
policy, a thorough updating procedure in conjunction with a
reliable and flexible life management (e. g. spare part
provisioning) would widely exclude that an engine had to be
removed and disassembled just to replace a life-ex fracture
critical part.

Nevertheless, in certain cases a selective use of a life potential

on the basis of concessions cleared through additional
calculations/testing should be allowed to avoid planned
removals (see para 7 below and figure 3).
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One might argue that this procedure cannot be used
successfully in other projects due to differences in rejection
rates.

Agreeably, the rate of rejections may vary and the remaining
lives must be adjusted accordingly, but rejections caused by
basic or non-basic failures (e. g. FOD) are, by nature of the
design and the operation of all weapon systems, unavoidable
(see figure 6).
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Figure'6 Distribution of rejections caused by basic and non-
basic failures

Based on statistics and experience those removals can be
predicted and hence reflected in a lifing procedure tailored to
any other engine programme.

7. PROPOSAL TO EXTEND THE INDIVIDUAL
LIFE OF FRACTURE CRITICAL PARTS

The chapters above describe how useful it can be to extend the
remaining life of a fracture critical part i. e. scrapping of parts
considerably far away from their released lives just for overall
costeffectiveness.

In some cases, however, just the opposite might be necessary
when the expiration of the life of an individual fracture critical
part affects the operation of the weapon system unacceptably.

When fracture critical parts are retired prior to the expiration
of their released life, a portion of the accepted failure risk
remains “unused”. It is the intention to use this portion, or
reserve, for the extension of the released life of the remaining
individual parts.

The assumption is currently held that 100 % of the parts
entering service will reach their released service life. There is
a risk of failure, albeit very small, due to the scatter in material
properties, and an accumulated failure risk of 1 in 750 is
admissible. This is felt to be acceptable, taking into account
the fact that, on the one hand unfavourable geometric and
material properties are assumed, and on the other hand a
certain degree of statistical safety is implied when calculating
released life figures from test results.

If not all fracture critical parts reach their released life, the
accumulated failure risk of the population decreases. There are
essentially two factors which contribute to this effect:

- fracture critical parts are rejected due to wear or other
unacceptable damage - such parts are not repaired.

- fracture critical parts are rejected due to lack of remaining
service life - in accordance with the life management
detailed above.

In retrospect, the portion of components, based on particular

- parts, still in service can be transformed into a function of

service life defined as the “in service rate”.

Multiplication of this “in service rate” with the failure
probability density, i. e. the assumed log-normal population,
and integration of the resulting function up to conventionally
released life, leads to an accumulated overall probability of
less than 1 in 750.

The remaining “potential” can be used for an individual life
extension without exceeding the accepted limits of overall
failure probability.

Assumptions

- With regard to parts with a high replacement rate, it is
assumed that the points of retirement are equally
distributed. With regard to other parts, it was assumed that
there is a 100 % survival rate up to the point “released life
less remaining life”.

- The population of parts within the period of the remaining
life is linearly reduced by 50 %.

- The removal rate remains unchanged beyond the initially
released service life until the “new” service life is reached.

Results

By fully using the accepted accumulated risk of 1 in 750 and
based on the above assumptions, the maximum admissible
lives shown in table 4 can be obtained [9].

Compo- | Spin P | Scra RLY | Spin+X? | Gain®
nent |(EFH)| p/A? | (EFH) | (max) (%)
(EFH)
HPC 3 1878 2 450 2010 7,0
HPC 4 3223 1,5 450 3396 5.4
IPC® 1520 1,75 400 1.596 5,0
Table 4: Gain in life of fracture critical parts (examples) by

utilising the “failure risk potential” of prematurely
retired parts.

D S Initially released life
2 Scrap p/A: Number of retired components per year

»  RL: Remaining Life; the figures are random, chosen for
calculation only

®  Suin+ X: Revised max. admissible life (“new” service life)
% Gain is variable, depending on RL

®  IPC: Intermediate Pressure Compressor



8. CONCLUSIONS

The implemented life procedure for fracture critical parts in
conjunction with the integrated on-board life usage monitoring
system has been successful, despite the high cost involved,
with respect to the following:

- Very high confidence in flight safety
- Optimal use of the life potential'of a fracture critical part

- Extension of the released life and flexibility to cope with
changes in the requirement e. g. performance increase
(temperatures) during the in-service phase.

- Considerable reduction in life consumption in conjunction
with an advanced digital engine control unit (e.g.
avoidance of overswing of temperatures and speeds).

But nevertheless, the user is faced with hardly affordable costs
caused by a high number of unplanned removals additionally
followed by planned removals due to life-ex fracture critical
parts.

With the introduction of an individually tailored remaining life
policy reflecting the actual in-service situation the number of
planned removals as one of the cost drivers has significantly
been reduced. But the optimum could not yet be achieved
because of its late application.

Furthermore, deficiencies in certain procedures and the
possibility of manual intervention (human errors) have
reduced a considerable portion of the envisaged savings.

This leads to the idea that less sophisticated, simplified and
less costly concepts may result in similar or even better overall
achievements.

Our assessments allow the conclusion that scrapping of
remaining life under certain circumstances is not a waste of
money from an overall point of view.

Retired parts can be stored and reinstalled to bridge the
phasing-out period of an engine system.

The evaluation of the Tornado engine programme has
demonstrated considerable potential for improvement even
after more than 15 years of in-service operation.

Future budget restraints dictate a more costeffective approach
(see para 4.2, 6.1, 6.2) for the next engine generation (e. g.
EJ200).

Referring to the introduction of this paper it should be the
common interest of all parties involved (contractor and
customer) to further improve the whole lifing concept. The
aim must be the achievement of the best costeffectiveness by
keeping the highest level of safety.

This goal can only be reached when all associated lifing
aspects are continuously born in mind from the writing of the
specification, the first line on the drawing board, during the
complete development, production and in-service period.

2-9

All associated lifing issues of the different programme phases
must adequately be covered from the very beginning of a
lifing concept. This concept is put forth and controlled by a
comprehensive life management plan which is continuously
updated in an iterative process.

It might be worth to consider an engine project where - from
the onset - fracture critical parts are designed only for a certain
period of the overall life of the engine (e. g. 50 % or 10 to 12
years) but this design is based exclusively on proven
technology. After that period those fracture critical parts could
be replaced at no extra cost during a major engine upgrade
programme where advanced - state of the art - technology
could be embodied for the remaining period of in-service life.
This standard procedure is widely and successfully applied by
civil engine operators.
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SUMMARY

As the military increasingly adopts commercial
standards for the maintenance of “dual use” aircraft.
 commercial repair approval and it’s methodology is
becoming increasingly relevant in the military world.
Component repair development is not limited to the
MANUFACTURER. The repair marketplace is global
with independent facilities operating around the world.

The authority to issue approvals for acronautical product
repair procedures lies with the National Aviation
Authority (NAA). Some NAA’s have implemented a
system of delegation to enhance the efficiency and
effectiveness of the approval process. The privileges and
responsibilities of delegated authority may be granted to
operators, independent repair stations, qualitied
individuals, or the manufacturer.

This paper describes how the commercial system works

to obtain approval for a new repair scheme. and
describes some delegation systems.

1.0 AVIATION REGULATIONS

National aviation regulations enable governments to
establish procedures and standards to control all aspects
of the aviation industry.

Most countries introduced legislation in the early days
of aviation, empowering the governments to set
“Minimum Standards of Airworthiness”. NAA were
established to create and enforce these regulations.
Today, some examples of these are:

e  United States Federal Aviation Regulations (FAR)

o Joint Aviation Authorities* — Joint Aviation
Regulations (JAR)

e Canadian Aviation Regulations (CAR)

Footnote: *JAA member countries are working on the
development and acceptance of the JARS. Member
countries still have some national regulations in use.
Orher countries also have similar regulations.

The regulations also define the requirements for the
approval of maintenance data and repair procedures.
The authority for approval of all aeronautical product
designs, and procedures for repairs and modifications
thereof originates from the applicable NAA.

2. THE TYPE CERTIFICATION PROCESS

The Type Certification Process requires the
manufacturer of a new civilian aeronautical product, i.e.
an aircraft, aircraft engine, or propeller, to demonstrate
that their product meets these minimum standards of
airworthiness. For example, a partial list from FAR 33
for engines includes:

- Design Features

- Materials

- Fire Prevention

- Durability

- Engine Cooling

- Engine Mounting Attachments
- Accessory Attachments

- Turbine Rotors

- Vibration Tests

- Surge Characteristics

- Fuel and Induction System

- Ignition System

- Lubrication System

- Endurance Tests (block tests)
- Bird Ingestion Tests

- Rain and Hail Ingestion tests
- Engine Component Tests

These regulations define the minimum standards and
form the “Type Approval Basis” for the product.

The NAA and manufacturer work closely together
during this phase. The manufacturer will generally
submit a compliance program to the NAA. This is a
document  that addresses each  airworthiness
requirement, and proposes how the 